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LBOMT0T 3 1= OF GRAVITY WAVZS

G3a1TD BY M %T=MH OF A SUBJMMD BODY

by

1batraot

In order to ain some insight into the phenomenon of gravity waves

r inerated by underwater seismic distbanoes, the Tsunami, a laooratory study

was made of the waves resulting fr an idealized two dimsusional model of the

movemont of a submerged body. Bodies of several shapes, sizes &nJ woigts

were allowed to drop verti*ally or ba slide down inolines of several anles, in

imter of various depths, from several heights above the bottom, but alswayr-low

the water surface. The surface tims histories were redorf at a point olose

to the origin of the distrbamog, eaL at a point or po! distanoe fro

Xihe origin. In addition, moticn piactres were taken c: several of the tests. j
It vas found that a crest always £otaed first, followed by a. trough from one to

throe times the amplitude of the first crest (depending primarily upon the slope

of tl. inaline), followed by a arest with about the sae amplitude as the trough.

DIo to the dispersive qualities of the waves, additLona&l orests and to, ghs con-

tinued to f am with inoreasing dias from the origin. The L.-Sgitude of the am-

plitudea depended primarily upom th submerged weight of the body, but also upon the

depth of submergence, the water depth and other oharoteristios of the generation.

Within the limits of experimental adiitions, it was found that the time intervals

between the first and second orextn remained constant regardless of the water

depth, the distance of fall, the veight of the body or the time of the fall. It

was, however, found to be related to the aonh a th bod.-y, th th- erio4d

increasing with increasing length, and to the slope of the incline, with the

smaller the inolina the greater ths peTiod.
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IntroduotitI

The Txamo. uhich caused so muoh damage to the Hawaiian Islands and to

many locations &I=& the Paoi Io Coart of North America on 1 April 1948 was

caused IV a sn of the L ea bottom on the northern slope of the Aleutian

Trough, swtiAC0hdmak Island, Alsk (SHPARD, F,P., 3aoDOULLD, G, . and

GCX, &C. - L90. The severity of the damage created oansiderable interest

in the general pba on. A review of the literature indicated that mny studies

had been mae a etain of the oharaoteristios of actual Tsunamis, and that

thooretioal staft had bxon made of the Cauchy-Poisson wave phenowmns a (see.

UIMx, 8., and 3X11, M .. 1953, for emaple), but that no laboratory sudites

had been med. o th relationship between, say, an underwater landslide and the

resulting gr ritywater waves.

A asrlmsi e xperiments zia undertakin in 1946 by SA13P, F.M. and. I3 ,

R.L. (1945) to abady the onaracteristios of the waves generated by a submerged

body sliding doa a 1i slope in a channel three feet deep by one foot wide

by sixty feet Ims. Eploratory work, just prior to the first series of tests,

consisted of 011- coarse gravel as steeply as possible on top of a piece of

sheet metal at m end of the ohannel, then pulling the sheet from under the pile

to destroyt ito epibrium and cause a slide. However, a true slide did not re-

suit, but rt a slump occurred in the center of the pile. !he n xt attempt

consisted of pmestM a vertioal gLte in the channel, piling sand behind it, then

pulling the yft v oetioally out of the water however, the removal of the Sate

enerwted u *f the same order :f magnitude as thoso produced by the slumping

sand. As a rmdS of these tets it was deoided to use a box sliding down an

Inewle, as a moim M tW".;.W,,iald

Reeeatl* tboes tests have beta teded to include a st of a sub-

merged body fs bg vrtioaly through vt er of several depth* sad fivn several

I-



3.

initial elntions for eaoh d--pth, with the *fCeo4 of weight and body =omoent

inoluded. In addition, a sorise of experiments was performed to study the sffect

of different slop** down which the body slid.

Erxperimental Procedure.

Most of the experimental work was performed in & glaa-iemllsd w&vv channel

three feet deep by one foot side by sixty feet long in the Fluid Uichanios Ab-

oratory of the Miiversity of C2lifornia, Berkeley (see Figure lal

The first set of . perizents (Series I) consisted of generating wares

by allowing a submerged wooden box to s.ide freely down an incline with a 121

slope (Figure lb). The box was triangular in tross seotion (120 x 12") nd ex-

tended across the vidth of the channel. Six difZsrent weights at each of three

initial elemtions were investigated (Table Ini). Tvo Stevens Av Recorders

were used to record the wave. Previous Iesta with these reoorders indicated

that under labortory conditions those recorders would d&termine wave height with

probable error of plus or minus 12 peront (PTMM, JA., and AR=, R.S.

1948). One was located 8 feet (Station A), and the second 2Z4 faet (Station B)

from the intersection of the water svrfaoe and the inoliped board down which tho

box slid. The for end of the channel was equipped with an inclined b6tch to

minimize reflection; evn so, some reflection occurred and vas apparent after

the second wave crest. The water dapth was aiLntained at 25 feet.

A second set of experiments (Series I1) consisted of four partss

1. A sub rgod rectanglar box 0.8 foot deep by 0.6 foot long, extending the

width of the channel, was allowed to fall freely in a vertioal direction in

water of several depths (1.50 feet, 1.92 feet, and 2.86 feet) and fro t ----

subnrgeraoee for each water dspth. Seven difterent box weights- (from 1-3/8 to

28 pounds, net, subworged) at each depth and submargence were used. Two 1*rwl-

lel wire resista ce elements wer used to measur3 the waves. The first
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(Station 1) was located at a distao, of 1.09 feet and the second (3tatL=4

4.82 feet fra the leading edge of the submerged body. A sloping bsch Ias lb-

oatd at one end of the ohannel to absorb the waes, but -&o wa a wwo r.sted

from the opposite end. Howeer, the refleated w&es arrived aftnr the Lattlal

disturusane had ocmpletely passed the reoording elementx, and tbus a c no

oonsequenoe. The conditions are show. !A Figure lo and are presonted inZ b I.

2. ) series of sunerged rectangular boxes 0.8 foot deep by 1.0 foo, Zfbet,

and 3.0 fast in length, extending ah width of the channel, were allmn to ftf

freely in a vertical dtireotion in water about one and a half foot deep (me

Figure 6). The initial position of the box in all oaes was such Ji the tWax

barely under the water surface, that is, at zero curgence. 7he n*;twPlt at

the submerged box varied from 30-1/4 pounds for the 3,0 ox to 3Z-1/4cponds

for the 1.0 foot box. Two parallel wire resistance elezents wers used, snvL=ated

aa in Care 1.

3. The box used in Case 1, fitted with wo =all., lightssirt o atal on

,_the bottom, was allowed to slide down an inclined metal plats with slopes rsmsug

from vertical to 2s2.4 (22.70), see Table II. It was found that a slope ofZUZ

degrees was the flattest that the box would slide down in a uniform . n

net submergod weight of the box was 20j pounds and the water deptL mas

1.43 feet and 1.48 feet. The highest point of the boc at its initial poitiutwas

at zero submergenoe. Two parallel wi-ee resistance elements were useR, sa 3ewe

as in Case 1 and Case 2 (Figure la).

4. A lead plate 3/8 inch thiok by 6 inckes lon, extending the width a iraS

channel was allowed to drop in water 0.14 foot, 0.24 foot and 0.35 foot dahp

&nd from two or nore depths of suba ergenoe for each qLido (ltl =.

net ub@mrged weight of the lead plate was 3- pounds. WT Us"UreMa e RoW

by a series of four parall@l wire resistance elements looated at 1.09 f t

(Station 1), 10.9 feet (Station 2), 23.82 foot (Station 5) and 38.49 r

tion 4) from the center of tho submerged body (Figure lo). :ase tes t
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performed in a,- chm.ancl similar to the one used in the offwr tests.

Previous tests with the parallel wire resistane ela indicated that

under laboratory conditions these recorders could determine v e height with a

probable error of plus or minus 5 percent (M5RIS O J. 12). -

In all oases the box was held in plaoe by a cord and ofter the surfaco of

the water had quieted thi cord was out, allowing the bod to fall, or slide freely.

k sloping beach- was Icoated at one end of the channel which sfotively absorbed

the waves. Homer, waves were refleoted from the opposite awi of the channe1 in the

tests involving the vertically falling body. The refleo ct s arrived after the

initial disturbance had completely pa~ned tho recording .lemwts and so presented

no problem; in fact, it gave an oppoitunity to illustrate 4&* dispersive qualities

of the phenoenon.

Result3 and Discusaioxi.

Vertically Falling Bod of Constant Size, The atn1est case studied was

that of L box falling freely in a vertical direction. bm viables were water

depth, initial depth of -ubuergenoe, and the weight, in vat, of the box. 7he

results are presented in Table I.

In Figure 2 ae, shon examples of the surface time k atries of the waves

generated under oonditions of constant water depth (1,50 foot and zero submer-

genee (the top of the box. barely under the water surface), bat with varying

wei hts of boxes. It can be seen that the initial disiurban. mas a orest, fol-

lowed by a trough and then another crest. This was also tru for all the exper.

iments vhich were conducted. By the 'ime the disturbeno e aeahed Station 2

(4.82 feet fra the leading edge of the body) several waS bad Pormed due to

dispersion. In Figoe 3 are ahown examples of the siwfao tb. histories of

the waves Senerated, (1) ln.water of constant depth, but with the initial Subcar-

&n*e depth of the body varyiC and (2) with seo initiWa waaergnoq, but with

. varying v&Wat depths-e-

Ii

i " -
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The most interesting ohsracteristiz c the waves is their consistent

"period' (se. Table 1). At Station 1 the tdm interval between no di.sturbanoe

and the firct oreat varied between 0.2 end O.i1 seconds, with the arerage

being 0.23 seoonds. The time interval betwoem the first anu .,eoond crest

vtried between 0. 4 and 1.0 seeonls, with the average being 0, 77 seoonds. At

Station 2 the tim interval between no dLxrbxwe and the first crest varied

between 0.4 and 0,75 with the averag beM 0.67 seconds, and the time interval

between the first and second crests variet oeen 1.1 and 1.25 seaonds, with

the average being 1.18 seconds. Within hs lmits of accuracy o? the measu-ents

and within tho range ot experimental oondimtm, it appears that the period of

the waves in independent of the waber depth, the initial depth of sutm rgence of

the bod and the wight of the bod r.

in Figure 4 are presented the rlt aLiip: m n body weight, water depth,

submergence, and wave amplitude. It *aa be sen that the greater the body weight,

the higher the wave amplitude fa the sm w.1s of depth and of submrgence.

The effeot of depth of submergenoe is just as apparent, with the greater the sub-

mergenoe the lower the wave amplitude, for the same values of body weight oand

water depth. However th-rolAtionship bet water depth and wave emplitude is

not entirely consistent. The effects of Twying body weights and varying; depths

of submargenoe were large effects, whfvso th effect of water depth was rela-

tively sall, within the range of exprie1 conditions. In addition, the sur-

face of the water usually broke abov, the b*4 as it started to fall from its po-

sition of initial zero simergence, whersw t water sur-face did not break for

the 0.80 foot sube rgenooo The amplitudes of the waves which reformed thus were

dependstrt upon the _M~--- -- -or egwwIn*4 --- b,---. - -Z Up &

ocuitions. By the tim the waea hAd reAWe Station 2 the effect of breaking

had nearly diesappe .. d It can be seen that Vt- 4plituie of the wavos decreased

with decreasing uater depth for given vlue. at initial aubmrgence and body weight.



7.

In Figur2 are pm anda the i.slationshlps between amplitudes of the

f irst crests and trud = he second crests, at Stata oas 1 and 2. In addition,

the correlation of th smPtde of the first trough at Station I with the ampli-

tude of the fi1rsti uatStation 2 is shown. With the exception of the rea-

tiontnaip betuem the se@MW of the first oreet and tho first trough at Station 1,

there was apparently u tMobt of initial depth of submergence, .ad Li no ease was

there an apparent art water depth or body weight.

In adAMton to ~a s body of tests, two additional runs wer* made. One

was to determine the M time history over the center of the falling body.

It -was found that at Wspint IL trou& occurred first, followed by a crest of

approximately thbe amitude. 'ollowing the crent, the surfaoe rapidly resued

its stlaU-vater pis= .'is tended to confirm the expectations that the dis-

turbano%, as ama edasin dIstance frca the source, was oaused b7 the bot;

of the body pushing mae , m , and the water having to move in over the box as it

falls. The -,eoc i "sw med with ends mounted on the body no that when the

body rested on Ute ima tke ends extended up throu i the water surface. In this

case an 6ntirely dIbasd-' type of wave was generated, whioh oonsisted of a single

crest follomd by a sle trough. This wave traveled as an entity down the chan-

nel and did not diamm int, several waves as was the case of the main body of

tests.

Terti~ll7 aU~ .'-ofDifferent. Lengths, In Figure 6a are shown the

surface tim hista4g eC waves passing Station 1 for body lengths of 0.8, 1.0,

2.0 and 3.0 feet. w z submerged body weight, the wter depth, and the initial

depth of suh g-rpm se approximately the same for all lengths. In Figure 6b

are shmm t between body length and "period" between no disturbanco

and the first ormo. amiWoen the first and second crests, for Stations 1 and 2.

ithin tbh rang mq fmntal conditions, the initial period changed but



slIdxlywith increasing body length, while the period riasured between the

r cr wests iroreased considerably with increasing body length.

a is interesting to note that if the-ourve for T1 in Figure 6 is extra-

polA to a far -reater deee than is prudent, one seea that a disturbance

a Ow *osssud feet in length would produoo waves with an initial period of the

der o from ten to fifteen mintes.

,'?r Sliding Down Inalines, In Figure 7a are shown examples of the surface

tur hbitories of the waves passing Station I which were generated by a body aliding

da Ut ~ns with slopes from 24.2 to 90 degrees. In all cases the iodr size and

vuJl&t tho wtor depth, and the ini'-ial depth of submergence were kept oonstant.

1w an amplitude and period are shown in Vigare 7b (soa also Table I). It

am bw wom that the period is related to incline slope, with the smaller the

slope the greater the period. The period between no distarbano. and the first

croet nat nearly as sensitive to slope as the n the first two

crestw. Do amplitudes of the initial crests and troughs are smallest for the

f2stot sopoes, increasing rapidly with increasing slope for the flatter slopes

and beaming asymptotio to some maxm value as the slop* approaches the ver-

t1i. Als shown are the relationships between the ratio of the amplitude of

th Idal trough to the initial orest and the incline slope for Stations 1 and 2.

A1 tbere is considerable scatter, it is evident that the ratio of tho amp-

litirn of the initial trouvs to the initial crests increases with increasing

e or the incline.

DL Figure 8 are presented aome dwta from the earlier series of tests,

3eries 1 (am Table III), on the effect of initial depth of subesrgeno" and nert

body voivb on waves generated by the body sliding down an incline of 45 degrees

in water 2.5 feet deep. The relationships between emplitudes of initial troughs,

crests and second crests are more complex than was the case for the wertically
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fallizg 1"dy. This is understandable, considering the relationship ben. on-

pltudes &-G 3Sztions 1 and 2 for the vsrtioally falling bodies, i.e., the efflci,,

due to diisp.ion, of travel distsace. In these earlier tests, the wave rem-

dera were mounted at fixed diatanoss from 'he intersection of the still-water

lira and the inolins. Hence, for the different initial depths of subierpae, the

distance changed (as msasured from tho edge of the body at the start of the slid.

to the vay recorders at Station A and B).

in Figre 9 are presented the correlations between the amplitu ds uf initi1s.

troughs and the initial and second crests, as well as the oorrelati.on betweea

amplitudes of the initial troughs at Stations A and B.

The periods (Table In) were not as consistent as those of the vertical

falling body; however, a plot on statiatical paper showed the scatter about t

mean values to be due to normal error.

TT limiting ocase of a body sliding down an incline Night be that of a

hydrofoil moving with constant velocity. Studies of this problem by LIUTM

(1954) have shin that a single wave is formed which ramains above the hydro

foil.

Dispersion, The waves formed by the vrtioally falling and by the

sliding bodies were uot "long waves"; that is, their velocities were dependent

upon me length as well as upon water depth. These waves, once they had traveloi

a short distance from the crigin. or the diatwbanoo, exhibited characteristics of

the Cauchy-Poisson waves, UNCKI, S. end RALAWO, M. (1953). In order to show Um

effect of travel distance, the disturbance was allowed to travel the length of

the ways channel, reflect, and travel back again. As can be sen in Figare 10

and Table IV, the initial disturbance dispersed into at least twenty-four rw-

cognizable waves, the periods of which progressively shortened from a xiu fru

the first wave to a m1nimin for the last wave.



The height of the body used in the deeper wator precluded its wtu la

shallower vter. In order to study the phencmena in shallow water, a laid plat*

of nearly the same plan dimensions as the body used in Runs 4-10 (Ssri- II)4 but

only 3/18 inch thio was dropped vertically in water 0.36, 0.24 and 0.24 foot in

depth. In Figure lob are shown the experiment&l set-up and the suweom tize

histories at four stations for a initial zero submr~ence in the depths of

water. The data from the tests are presented in Table V. It can be seen that the

periods of waves rf iained constant for the three water depths at each gtatio but

that they increased with increasing distance from the origin; hence, apmrtatIy

dispersion was still present to some extent. However, the vTelooity at WX& crest

propsgtion compared very well with the theoretical veloeity as gLTa by the

equation for "long wavees ( g where g is the graviiaticnal wnstant an& d is

the water depth).

Frca an examination of the surface time historias and the phase velocity of

the initial crests, it is thought that the first wave was one of the A1ir type

and that the following waves were dispersive. This seem to be especially true

for the wave formed in the shallowest water (0.14 foot) as it can be &&*a to be

deforming with increasing distance from the origin. This corfarms uith the pre-

diction of URSELL (1953) as the pkaraeter OL 2 /2d0) is in the neighbobood of

thirty and hence it is not possible for a solitary wave to exist.

Dimensional Ana!Zsis In many studies of this nature it is valnable to

utilize dimensional analysis to organize the variables into the amsflast possible

number of significant groups of par Aters. Use of BUMGUXAe(q15) itheorew

is the usual means of obtaining this end. By use of this theoxre it 1i possible

to group variables of a dimensional units into n-= L& i t"-

Several different groupings can be obtained, depending upon which I.itial cos

bination is chosen from vhich to devlop the 1 terms.

,- -J
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The variables in the problem of the vertioally f&1r body are the

water depth, d; wave period, T; wave height, H; body len I ; body

height, hS depth of aubmergenoe, r (as measured fvou the stUl-water level

to tho top of the bod j horizontal distance frog the body edgu to the point of

vve urement, x; wateor density, pj body density, Pb; vTsoosity, IL

and gravitational constant, g. Two sets of dimensionl es paramtere were de-

veloped. Cne set was developed using Pb, & and d, and t second set was de-

veloped using Pb' & and T as the prinary variables. ThMe to sets of 1 terms

are as followas

113 1 /d 1
13 1=/a [13 = i/j

I =h/d

115= z/d = /

[IS= x/d =

7=Pw /IPb 7 =PvlPb
8 =---l / Pbd -/- 118 = F/pOFT3

An analysis of this sort is particularly valuable if it is found that

certain of the parameters are of little importauce. For e le, within the

range of expeidmental conditions, it in probable that the parameter oontaining

viscosity can be negleoted. Various combinations of the dimsionless para-

meters wre plotted to determine whether oertain of the other parameters could

be negleoted. It was found that they could not. In adition, it is known that

certain of the param trs are related in such a manner that it is not possible

in all oaues to hold al but one constant in order to daternine the individual

effects. For example, the parameter H/d depends upon 47&7 T as well as x/d.
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Me solution is even more compUcated for the case of a body sliding

down an incline.

_ner!y, Another approaeh., ed ae which proved mcre fruitful, was to

consider the energy of the vawas whLak wre generated as ocmpared with the initial

potential energy (net, submerged) t tho body. The, potential energy (net, sub-

merged) is the product *Z the neot vei, submerged, of the body, and the water

depth less the hei-ht of the body (066 Inch).

An approximation of the enorwa oined in the waves was obtained, using

the equation for the ene gy per wave lsagth of a periodic truln of waaes of

uniform small amplitudes

3 = M / 8 = 9 6 4 -2

where g is the gravitational eonntm;, v is the unit weight of water, H is the

wave height (as measwed from trou* to eest), L is the wave length, and T is

the wave period. In thC ease of a distobance of the sort being studied, this

equation gives only an approxmts 0. An the disturbance was found to be

dispersive, it was most convenient t o uspats the energy from measuremnts alone

to the origin (Station 1) where the totml energy was nearly oonoentrated in one

wave. Thus the energy of the wve distbance was considered to be given byt

3: ge~ 2HIH TlZA6V. (lb)

The results are shown in Fioiz 12, excepting the few results of very

low energy (order of msagitwle of low ta 10- ft-lbs). It can be seen that

the energy of the wav"earrelate val wall with the initial potential

energy (net, suwwg sd) of the body. Q~dzn the band of results, it nan be

seen that twn general trends exist, 1) fur water of constant depth, che less

the initial subaergeme the grmator th ertergy of the vaves for a given initial

potential energy of the bodyl 2) for semtant initial depth of suheergene, the

smller the water depth the "ter the percentage of energy transformed into wave

_ene r In addition, it can be som tbat the a vnt of energy of the wave



distrbanoe is of tha e ter of magnitude of one peroent-o44 the initial po-

tential energy (net, &arged) of the vertioally falling body.

Conclusions

In general it was found that, within the range of experimental conditions,

dispersive waves w Ceersted by a body either falling vertically or sliding

down an incline. Aam metion was the case of a flat plate falling in quite

shallow watar (0.1 to 0.2 foot) in vhioh an WAiry' type of wave was generated,

together with dispwasw waves forming the tail. Surface time histories of the

disturbance msured a ort distance from the souroe showed that a crest always

formed first, follow&. b& trough from one to three times the amplitude of the

first crest (depelings pon, the slope of the incline primarily), followed

by a crest with abu the sae amplitude as the trough. Due to the dispersive

qualities of the movs, additional crests and troughs continued to form with

increasing distanwe f&= the origin, while at the same time the amplitudes of

the initial crests aal trough decreased.

The agnitudes at the amplitudes depended primarily upon the submerged

weight of the body, bm- also upon the depth of submergence, the water depth and

other oharacteristlas of the generation*

The OperioO amociated with the gravity water waves of the distur-

bance was found to be Independent of water depth, initial depth of submergence,

weight of the body, o ti of the fall. It was, however, found to be related

to the length of the boOty, with the period increasing with increasing length,

and to the slope of th Incline, with the smaller the incline, th* greater

the period.

by the vertically falling body indicated that about one percent of the initial

potential energy (not, aukuerged) of the body was transforid into ave energy.

Within the band of rmeelts it was seen that for water of constant depth, the

'y -- S
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less ths initial depth of subergarxe of the body, the greater the

percentage of enerI transformed into wavs onerg" ami for constant ii-

t1al, depth of. submrgence, the Gamleov the water depth the greater the per-

oeitaV of onergr transfor=d into wave enery.

When the body was modified by adding ends to it, an entirely different

type of ways was generated. It did not appear to be dispersive, but rather con-

sisted of a single crest followed by a single trough.

It is interesting to note that the oue,& showing the oorrelation btwea

the langth of the body and the initial period of the waves, when extrapolated

oonuiderabl7, indioate that A underwater disturbance of' the order of a few thousand

feat in length vould generate waves with an iitial period of the order of tea

to fifteen minutes. Because of the great length of such a waver, it oculd travel

a considerable distance without being affected greztly by its dipersive quali-

tess, because it would be trav el ng a short distance as measured in wve length&.

D& fact, it would have the general appearance of the Tsunama observeC in nature.
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